Three types of AlCoNi decagonal quasicrystals in Al 72.5 Co 11 Ni 16.5 , Al 71 Co 14.5 Ni 14.5 and Al 71.5 Co 16 Ni 12.5 alloys have been examined by Cs-corrected high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM), which has an enough resolution to represent individual TM atoms as bright dots in observed images of decagonal quasicrystals. On the basis of the structure of a W-(AlNiCo) crystalline approximant, transition-metal (TM) atoms and mixed sites (MSs) of Al and TM atoms are separately distinguished in HAADF-STEM images. Most of TM atoms are arranged with pentagonal tilings of a bond-length of 0.76 nm, and MSs are located inside of pentagonal frames with definite orientations. All of the TM atoms and MSs are located at lattice points of a Penrose lattice of an edge-length of 0.25 nm, and arranged with a bond-orientational order. The present result shows that the structures of AlCoNi decagonal quasicrystals should be characterized as BOO arrangements of transition-metal atoms, instead of previous models of BOO arrangements of 2 nm atom clusters.
Introduction
Six types of decagonal quasicrystals have been found in AlCoNi alloys, 15) and their structures have been interpreted by quasiperiodic arrangements of columnar atom clusters with a bond-orientational order (BOO) that is formed by a constant length of bonds connecting atoms or atom clusters and definite orientations of bonds related to decagonal symmetry. 6, 7) The structures of five types of the AlNiCo decagonal quasicrystals, except for one referred to as Ni-rich basic structure, can be characterized by ordered arrangements of two types of the clusters with different orientations of pentagonal symmetry, and can be divided into two groups, e.g. structures formed with arrangements of one type of clusters with the same orientations and those of ordered arrangements of the two types of the clusters with different orientations. 6, 7) Recent Cs-corrected STEM has an enough resolution to represent individual TM atoms as separated bright dots in observed images of decagonal quasicrystals. 8, 9) Therefore, in the present paper, we intended to reexamine the structures of the AlCoNi decagonal quasicrystals by Cs-corrected HAADF-STEM observations.
Before we started the present study, we observed HAADF-STEM images of a crystalline phase of W-(AlCoNi), 9) which is considered to be an important approximant for understanding the structures of the AlCoNi decagonal quasicrystals, 10) and we examined the correspondence between the observed HAADF-STEM images and its structure. That result shows that arrangements of transition-metal (TM) atoms and mixed sites (MSs) of Al and TM atoms can be directly determined from those of separated bright dots in HAADF-STEM images. From the knowledge, we intend to understand the structures of the three decagonal quasicrystals as arrangements of TM atoms by Cs-corrected HAADF-STEM. The three decagonal quasicrystals can be understood as structures of two quasiperiodic planes with a period of 0.4 nm along the periodic axis, if weak diffuse reflections showing a period of 0.8 nm are neglected. 6) Therefore, the structures of the decagonal quasicrystals are characterized by arrangements of TM atoms and MSs in the two quasiperiodic planes. 12.5 ingots were sealed in evacuated quartz tubes, annealed at 900°C for 120 h, at 1000°C for 65 h and 900°C for 72 h, respectively, and then quenched in water. HAADF-STEM images were taken with the incident beam parallel to the periodic axis by using of a Cs-corrected scanning electron microscope (JEM-ARM200F).
Experimental Procedures

Experimental Result and Discussion
The structure of a decagonal quasicrystal in the Al 71 -Co 14.5 Ni 14.5 alloy has been characterized as an ordered arrangement of two kinds of columnar clusters with different orientations of decagonal symmetry.
11) The fundamental lattice, which is constructed by connecting the clusters, is a rhombic lattice with a bond-length of 2 nm. The ordered arrangement of the two kinds of the clusters has been interpreted by a CsCl-type body-centered hypercubic lattice in a five-dimensional space. Most of bright dots in the HAADF-STEM image can be connected by lines with a bond-length of 0.76 nm, as shown in Figs. 1(b) and 1(c). The structure of the decagonal quasicrystal is formed by two planes of A and B stacking along the periodic axis, and so the bright dots connected by the solid and dashed lines correspond to TM atoms on the A and B planes, respectively. In Figs. 1(b) and 1(c), one can see double pentagonal distributions of bright dots, which are composed with pairs of bright dots along the directions of fivefold rotational symmetry, in upward pentagonal frames in Fig. 1(b) and downward ones in Fig. 1(c) , whereas in the downward pentagonal frames in Fig. 1(b) and upward ones in Fig. 1(c) , pentagonal distributions of bright dots are placed. The five dots of most outside of the double pentagonal distribution correspond to TM atoms and/or MSs on a different plane from the tiling plane, and the other inside five dots correspond to MSs on the tiling plane, as can be seen in Fig. 1(d) . This structural feature is nearly the same as that in the structure of the W-(AlCoNi) crystalline phase. points of a Penrose lattice with an edge-length of 0.25 nm, and consequently they are arranged with BOO. A similar distribution of the MSs, which are always located in upward pentagonal frames in Fig. 2 (a) and downward ones in Fig. 2(b) , can be seen in the structure of the B plane of the W-(AlCoNi) crystalline phase. 9, 10) It should be noticed that the pentagonal tilings of Fig. 2 include ship-shaped polygons with three acute-angle triangles in addition to pentagons and thin rhombuses. Figure 3 is HAADF-STEM images of the Al 71.5 Co 16 Ni 12.5 decagonal quasicrystal. The decagonal quasicrystal is fundamentally formed by a pentagonal tiling of two types of clusters with a bond-length of 2 nm, 13) and so ordering that two clusters connected with a bond of 2 nm are always different types of clusters, is broken in pentagonal tiles, as can be in Fig. 3(a) . In the same way as Fig. 1 , bright dots are located at lattice points in pentagonal lattices with a bondlength of 0.76 nm, as can be seen in Figs. 3(b) and 3(c) . Also, in all of upward pentagonal frames in Fig. 3(b) and downward ones in Fig. 3(b) , double pentagonal distributions of bright dots are placed. On the other hand, in most of downward pentagonal frames in Fig. 3(b) and upward ones in Fig. 3(b) , one can see pentagonal distributions of bright dots, which are located at lattice points of the pentagonal lattice of a 2 nm bond-length, and a few pentagonal frames indicated by thick solid lines have asymmetric distributions of bright dots. The bright dots in the asymmetric arrangements correspond to those connected by a pentagonal tiling in another plane, as can be seen in Fig. 3(d) . Arrangements of TM atoms and MSs in the A and B planes can be directly determined from the image of Fig. 3 , as shown in Fig. 4 . In the pentagonal tilings of Fig. 4 , one can see the appearance of star-shaped polygons in addition to pentagons, thin rhombuses and ship-shaped polygons. Figure 5 shows HAADF-STEM images of the Al 72.5 Co 11 -Ni 16.5 decagonal quasicrystal. In the image, an area including a pentagon, squashed hexagon and deformed polygon with an edge-length of 2 nm is shown. As the same as the Al 71 Co 14.5 Ni 14.5 and Al 71.5 Co 16 Ni 12.5 decagonal quasicrystals of Figs. 1 and 3 , bright dots can be connected by two pentagonal lattices with an edge-length of 0.76 nm and all of downward pentagonal frames in Fig. 5(b) and upward ones in Fig. 5(c) have double pentagonal distributions of bright dots. On the other hand, in upward pentagonal frames in Fig. 5(b) and downward ones in Fig. 5(c) , one can see 
Summary
The structures of three types of AlCoNi decagonal quasicrystals with two quasiperiodic planes in Al 72.5 Co 11 -Ni 16.5 , Al 71 Co 14.5 Ni 14.5 and Al 71.5 Co 16 Ni 12.5 alloys have been examined by Cs-corrected HAADF-STEM, which has an enough resolution to represent individual TM atoms as separated bright dots in observed images of decagonal quasicrystals. On the basis of the structure of the W-(AlNiCo) crystalline approximant, TM atoms and MSs can be distinguished from HAADF-STEM images. Most of TM atoms are arranged with pentagonal tilings of an edge-length of 0.76 nm, and MSs are located inside of pentagonal frames with definite orientations. All of the TM atoms and MSs are located at lattice points of a Penrose lattice of an edge-length of 0.25 nm, and arranged with BOO. The present result shows that the structures of AlCoNi decagonal quasicrystals must be interpreted by BOO arrangements of TM atoms, instead of previous structure models of decagonal atom clusters with 2 nm in diameter. 7) 
